Abstract: Advanced coatings deposited by plasma spraying are used in a large variety of industrial applications. The sprayed coatings are employed typically in industry to protect parts from severe operating conditions or to produce surfaces with specific functions. Applications are found in many industrial sectors such as aerospace, automobile, energy generation, and biomedical implants.
INTRODUCTION
Plasma spraying is a process widely used in industry for depositing protective and functional coatings for a large variety of applications. Industrial sectors such as aerospace, automotive, energy, mining, biomedical, etc. take advantage of the unique properties of the sprayed coatings [1] . The versatility of this and control of the plasma spray process are discussed. The optimization of nanostructured coatings carried out by controlling in-flight particle conditions is given as an example.
MONITORING OF IN-FLIGHT PARTICLES
Developing and using optical sensors for monitoring the condition of in-flight particles is essential for understanding the complex relationships between spray parameters, in-flight particle characteristics, coating microstructure and properties. Moreover, since the coating attributes strongly depend on the particle condition during spraying, the use of optical sensors becomes a practical way to control the plasma spray process in order to get consistent coating properties and optimum deposition efficiency on the production floor. To address the needs of both scientists and engineers, two types of sensors were developed and later commercialized [16] . Both systems detect and analyze the thermal radiation emitted by the hot particles. The first system, now widely known by the trade name DPV-2000, detects individual particles and determines for each particle its temperature, velocity, and diameter. The second system, more recently introduced under the trade name Accuraspray, is dedicated to use on the production floor. It measures the mean temperature and velocity of the particle jet as well as its width, orientation, and intensity.
Monitoring of individual in-flight particles
The DPV-2000 system has been described in detail in previous papers [14, 21] . The thermal radiation collected by the sensor head is transmitted to the detection cabinet by an optical fiber. Typically, the sensor head is mounted on an X-Y displacement system for performing 2D mappings across the spray jet. When a particle travels in the field of view of the sensor head, its image is formed on a two-slit mask mounted at the tip of the optical fiber as illustrated in Fig. 1 . The collected radiation is detected using two avalanche photo-detectors (D 1 and D 2 ) filtered at two distinct wavelengths. A two-peak pulse is recorded in each detector when a particle crosses the sensor field of view. The temperature of the particles is calculated from the ratio of the signals detected at the two wavelengths, assuming a gray body behavior. The distance between the two slits of the optical mask and the magnification of the optics being known, the particle velocity is obtained by measuring the time of flight of the particle image from the first to the second slit. The relative diameter of the analyzed particles is computed from the absolute intensity detected at one wavelength after determination of its temperature. This system is employed as a diagnostics tool for coating optimization. An example of such an application is given in the last section of this paper for the optimization of high-performance nanostructured titania coatings.
Recently, the system was used to investigate the influence of the plasma fluctuations on the characteristics of the in-flight particles [22, 23] . Plasma fluctuations result from the movement of the arc root on the anode surface driven by the hydrodynamic and electromagnetic forces acting on the arc itself. Different arc behaviors or modes are possible depending on the actual plasma parameters. In particular, the so-called restrike [24, 25] mode involves relatively large longitudinal displacements of the arc root leading to important voltage fluctuations while the current is kept constant. Time-resolved particle diagnostics was used to investigate the influence of the plasma fluctuations on spray particle conditions. Figure 2 shows the voltage signature when a plasma torch was operated in the restrike mode obtained with a relatively low current (550 A) and high hydrogen flow rate (10 l/min). The signal is quasiperiodic with a fundamental frequency of about 4.4 kHz (a period of around 225 µs). To get time-resolved measurements of the particle characteristics, the torch voltage was used as a timing reference for signal acquisition with the DPV-2000. When the voltage reaches a certain level (trigger level), a dedicated electronic circuit generates a pulse after an adjustable time delay. This pulse is used to trigger the signal acquisition by the DPV-2000. The capture time window is adjusted to 20 µs. Then the system analyzes the acquired signals and if one particle was in the field of view of the sensor head during this 20-µs time interval, it determines the temperature, velocity, and diameter of this particle. The acquisition sequence is schematically shown in Fig. 2 . Data acquisition continues until about 300 particles are analyzed. Then the time delay is changed for acquiring a new set of data.
Alumina particles with a relatively narrow particle size distribution (30 ± 5 µm) were injected in the plasma stream and were detected at 50 mm from the plasma torch exit. Figures 3a and 3b show the measured mean particle temperature and velocity as a function of the time delay. Error bars represent 1σ confidence interval on the mean values, while numerical values are the sample standard deviations. Huge periodic variations of the particle temperature and velocity are observed, reaching 500°C and 200 m/s, respectively. The period of the cycles coincides with that of the voltage fluctuations as shown in Fig. 2 . The magnitude of the fluctuation decreases with the time delay due to the quasi-periodic nature of the plasma and voltage fluctuations. Indeed, the Fourier spectrum of the voltage fluctuation shows that the 4.5 kHz peak has a finesse of about 10. Consequently, the phase reference is lost gradually after a few cycles, leading to a gradual decrease of the amplitude of the temperature and velocity fluctuations as shown in Figs. 3a and 3b. time delay. This suggests that particles injected into the plasma at certain specific moments are not heated and accelerated efficiently. To track these unheated or cold particles, a laser diode was used to illuminate the particles in the field of view of the DPV-2000 [23] . In this case, detector D 1 was filtered at the same wavelength, 830 nm, as the laser diode while detector D 2 was filtered at 995 nm. This made it possible to distinguish between "cold" and "hot" particles. Indeed, a cold particle generated a two-peak signal only in detector D 1 , while no detectable thermal radiation was collected in detector D 2 . Conversely, the thermal radiation emitted by a hot particle generated signals in both detectors. Using this set-up, the velocity and flow rate of the cold particles could be measured when the laser diode was turned on. When the laser was turned off, the temperature, velocity, diameter, and flow rate of the hot particles could be measured as usual with the DPV-2000. Figure 5 illustrates the velocity fluctuations of both the cold and hot particles observed in spray conditions similar to those described above. Significant fluctuations of the cold particle flow rate are also observed. As expected, the velocity of the cold particles is significantly lower than that of the hot particles and varies also with the time delay. The lower velocity of the cold particles is attributed to their passage in the plasma flame when the enthalpy and thus the gas velocity are minimum. So, the heat and momentum transfer to the particles is also minimum during these periods.
Global measurement of particle jet characteristics
Wear of the electrodes with spraying time results in significant changes in the temperature and velocity of the sprayed particles, resulting in significant changes in the coating structure and deposition efficiency [3, 26] . Today, it is still not possible to predict the impact of electrode wear on the particle characteristics that would permit the operator to adjust the spray conditions to retrieve the appropriate temperature and velocity of the sprayed particles or to make a decision to stop the process and change the worn electrodes. In this context, the use of in-flight particle sensors is crucial to make the process more robust and reliable. Such sensors should be easy to use, relatively cheap, and give the necessary information to adjust the input spray parameters to keep the process under control (closed-loop feedback).
To address these needs, an ensemble particle jet diagnostic system was developed [15, 16, 27] . The system, the Accuraspray, is composed of a computer, CCD camera, analog signal processing unit, and an optical detection assembly made of a collecting lens, two optical fibers, filters, and photo-detectors as illustrated in Fig. 6 . The thermal radiation emitted by the particle jet is collected by the two optical fibers whose diameter is 400 mm. The volume of measurement of each fiber is about 3 × 3 × 20 mm 3 (optical magnification of 7.5) and is located in the middle of the particle jet. In typical spray conditions, the density of the spray particles in the jet ranges from 5 to 50 particles/cm 3 at normal stand-off distances. In these conditions, there are 1 to 10 particles seen simultaneously by each fiber. Figure 7a shows an example of signals detected by each detector. The passage of individual particles in the fiber field of view gives rise to characteristic light pulses as illustrated by the peaks in the figure.
The measurement of the mean temperature of the particle jet is obtained by two-color pyrometry after measuring the mean intensity of the fluctuations associated with the passage of the particles in each detector. The velocity measurement is obtained by evaluating the mean transit time for particles to move from the field of view of detector D 2 to that of detector D 1 . As seen in Fig. 7a , many particles are detected first in D 2 and about 10 µs later in D 1 . The mean transit time is obtained by calculating the cross-correlation between the two signals as given by eqs. 1 and 2 [28] : (1) where (2) where T is the acquisition period. Figure 7b shows the cross-correlation factor ρ 12 as a function of the time delay τ calculated with the signals illustrated in Fig. 7a . The correlation is maximum when the time delay τ corresponds to the mean transit time of the particles. The mean velocity of the particle jet is thus calculated knowing the distance between the fibers and the optical magnification.
The orientation of the particle jet relative to the plasma torch axis as well as its width and total intensity are evaluated on-line from the analysis of images collected by the CCD camera. Both the camera and the optics for measuring the mean temperature and velocity are mounted rigidly in a single detection unit.
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This approach for characterizing the plasma spray process has many advantages over the one used in the DPV-2000 unit for monitoring the process in a production environment. The time response of the system is much shorter using the correlation approach since hundreds of particles are analyzed simultaneously. Moreover, it can monitor high spray rate processes since the analysis of individual particles is not required.
As mentioned above, the control of the plasma spray process is very challenging, as many factors must be controlled. Using appropriate particle sensors makes it possible to detect any out-of-normal spray conditions and, eventually, adjust spray parameters to ensure constant particle conditions during spraying [29] [30] [31] .
MONITORING PARTICLE IMPACTS ON A SUBSTRATE
The flattening and solidification of plasma-sprayed particles on a flat substrate are very complex phenomena difficult to study, as impact duration is of the order of 1 µs and the cooling rate of the sprayed droplets ranges from 10 6 to 10 8 K/s. Analytical and numerical models have been developed to better understand these rapid transient phenomena [32] [33] [34] . For example, the model developed by Madejski relates the flattening ratio (the ratio between the final splat diameter d and the initial droplet diameter d 0 ) to the Reynold number Re, that is to say, to the velocity v, the density ρ, and viscosity µ of the impinging particle as given in eq. 3:
where K is a constant. More recently, important efforts have been dedicated to develop a better understanding of the particle impact phenomena, both theoretically and experimentally [2, [35] [36] [37] [38] [39] [40] . Special efforts were dedicated to the study of the influence of the substrate temperature on particle flattening and solidification. It was shown that, on high-temperature substrates (around 300-400°C), the sprayed particles tend to form well-shaped disks, while on room-temperature substrates, the splats tend to break in many droplets leading to the formation of distorted splats. Figure 8 shows an example of an experimental set-up developed for monitoring particle impact on transparent and opaque substrates. The experimental set-up is similar to the one described previously in the literature [35] , but an additional detector D 4 was placed behind the substrate to detect the thermal radiation emitted by the impacting particles at the same wavelength as detector D 2 . A sensor head consisting of an achromatic lens, optical fiber, and optical mask located at the tip of the optical fiber collects radiation from the front surface of the substrate. The angle between the sensor head optical axis and the substrate surface is 30°. The collected radiation is transmitted to a detection box containing three detectors filtered at three different wavelengths. Detectors D 1 and D 2 , filtered at 1000 and 790 nm, respectively, detect the thermal radiation emitted by the impacting particles. The particle temperature is determined from the ratio of the intensities of D 1 and D 2 (two-color pyrometry). A third detector D 3 is filtered at the wavelength of the laser diode (830 nm) used to illuminate the impact zone. The optical mask attached at the end of the optical fiber is composed of three transparent slits collecting radiation from the impinging particles in flight and upon impact on the substrate surface as illustrated in Fig. 9 . A second sensor head, composed of a lens and optical fiber, collects the thermal radiation emitted by the impacting particles from the back of the substrate (for transparent substrates only). The angle between the optical axis of this sensor head and the substrate surface is 60°. The collected radiation is transmitted to the fourth detector D 4 filtered at the same wavelength as detector D 2 (790 nm).
© 2005 IUPAC, Pure and Applied Chemistry 77, 443-462
Diagnostics for advanced materials processing by plasma spraying 451 Fig. 8 Schema of the experimental set-up used for monitoring particle impacts on a transparent substrate.
For monitoring particle impacts, the plasma torch is swept in front of the experimental set-up. A very low powder feed rate is used to get zero or one particle impact per torch pass. If one particle is detected in the impact zone, the data acquisition system records signals detected by the four optical detectors and the collected data is saved on the hard disk of a personal computer. Figure 10 illustrates the field of view of the sensor head located in front of the substrate. A single particle is seen three times through the optical mask when it impinges on the substrate surface. The particle in-flight is seen first through the two small slits in positions b and c. The in-flight particle temperature, velocity and diameter are determined in a similar way as with the DPV-2000 system described above. When the particle reaches position f, it flattens and the amount of radiation collected increases as the particle surface area increases due to flattening. The evolution of the particle surface temperature (cooling rate) is obtained from the evolution of the ratio of the radiation intensity in detectors D 1 and D 2 .
The laser beam illuminates the complete region seen through the third slit of the optical mask. When no particles are present in this impact region, intensity in D 3 is a maximum. The evolution of the particle size is obtained from attenuation of signal D 3 with time. As the particle flattens, its surface increases and intercepts a larger portion of the laser beam, giving rise to the attenuation of signal D 3 . Information about the evolution of the shape of the impacting particles is obtained from the ratio of signals D 2 and D 4 . Indeed, as the two detectors are filtered at the same wavelength (790 nm) and see the same particle from different angles (30°and 60°for D 2 and D 4 , respectively), the ratio D 2 /D 4 depends on the actual shape of the particle. When the particle is still in flight just before its impact on the substrate, detectors D 2 and D 4 see it simultaneously (position e in Fig. 10 ). The shape of the particle at this position is a sphere so the particle surface area seen by both detectors is equal. At a later moment, if the particle forms a flat disk for example, the ratio D 2 /D 4 will decrease by a factor 0.58 (sin 30°/sin 60°). If the ratio D 2 / D 4 is normalized to one when the particle is in position e, its will decrease as the particle shape changes from a spherical form to a flat one. The temperature gradient across the particle thickness also influences the ratio D 2 /D 4 , as the thermal radiation intensity depends strongly on the temperature of the emitting surface. Figure 11 shows an example of signals collected during the impact of a molybdenum particle on a glass substrate at 400°C. Figure 11a shows the evolution of the two pyrometric signals D 1 and D 2 . The two peak signals at t = 3 to 4 µs correspond to the passage of the in-flight particle in the field of view of the two small slits in the optical mask. At t = 7 to 8 µs, the in-flight particle enters the field of view of the third slit and then touches the substrate surface at t = 10 µs. About 2 µs later, the splat reaches its maximum extent and then the signals decrease as the temperature of the splat decreases rapidly. At 15 to 17 µsec, the signals reach a plateau corresponding to the solidification of the molybdenum splat. Figure  11b shows the corresponding evolution of the laser diode signal D 3 . The signal is maximum before the impact of the particle, decreases rapidly as the splat extends, and then increases slightly. Figures 12a  and 12b show the evolution of the surface temperature and equivalent diameter of the splat calculated from signals shown in Figs. 11a and 11b , respectively. One can see in Fig. 12a that the cooling rate of the splat is about 1.1 × 10 8 K/s during the first 3 to 4 µs after the impact. During this period, the metal is still liquid. Then a plateau that corresponds to the solidification of the liquid metal is clearly observed. The temperature is constant during this period because of the release of the latent heat of solidification. Once the solidification is finished, the temperature starts to decrease again, but at a lower rate. Figure  12b shows the evolution of the splat equivalent diameter calculated from the attenuation of the laser signal (Fig. 11b) . One can see that the splat flattens rapidly during the first 2 µs and reaches a maximum diameter of about 170 mm. Then the splat contracts to a final diameter of about 140 mm. The contraction of the liquid splat is due to the surface tension of the molten molybdenum. The evolution of the ratio D 2 /D 4 confirms that the shape of the particle changed from spherical to round as expected.
Impacts on a hot glass substrate

Impacts on a cold glass substrate
The evolution of the temperature and equivalent diameter of a molybdenum particle on a glass substrate at room temperature is illustrated in Figs. 13a and 13b , respectively. Significant differences are observed in this case in comparison with results obtained on the hot substrate (Figs. 12a and 12b) . Figure  13a shows that the cooling rate of the splat is about 5 times lower than that observed on the hot substrate (2.0 × 10 7 K/s instead of 1.1 × 10 8 K/s). This is an indication that the average quality of thermal contact between the splat and the substrate is poorer on the cold substrate. As shown in Fig. 13b , the evolution of the particle equivalent diameter is also significantly different on the cold substrate. One can see that the maximum size of the splat reaches about 350 µm, which is about two times larger than that observed on the hot substrate. Moreover, after the maximum extent is reached after about 2 µs, the splat experienced a strong and rapid contraction that lasted for about 1 µs. After this rapid contraction period, a slower contraction is observed in the time period ranging from 13 to 25 µs. Analysis of the experimental results in different optical configurations shows that the rapid decrease of the equivalent splat diameter cannot be attributed to the exit of material outside the field of view of the sensor head. One can observe in Fig. 13b that, in the region of maximum diameter (t = 11-13 µs), the magnitude of the slope during the rapid contraction period is higher than the slope during the flattening period. This is an indication that the contraction is not only due to the contraction of the liquid disk of molten metal since, in that case, the contraction would be slower than the initial expansion (flattening) of the splat as kinetic energy is dissipated owing to the finite viscosity of the molten metal. One concludes that the thin metal film that exists for 1 µs or so breaks into many segments that contract under surface tension. The thin metal film of about 350 µm in diameter and 0.5 µm thick is very unstable and breaks, leaving debris on the substrate around the impact point of the impinging particle [35] . The change of shape of the splat during the rapid contraction period is confirmed by the evolution of the ratio D 2 /D 4 , as shown in Fig. 14 . One can see that upon impact at t = 10 µs, the shape of the particle changes from a sphere to a disk as expected. However, at t = 12-13 µs, the shape factor increases, indicating that the splat comes back to a partially spherical shape. This shape change occurs simultaneously with the rapid contraction of the splat shown in Fig. 13b .
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Diagnostics for advanced materials processing by plasma spraying 455 Fig. 13 Evolution of (a) the temperature and (b) equivalent diameter of a Mo particle impacting on a glass substrate at room temperature. As compared with Fig. 13 (400°C) , the particle cooling rate is much slower and the particle experienced a severe reduction of its surface area after reaching its maximum extent.
As stated above, the influence of the substrate temperature is a key parameter influencing the structure and properties of the coatings. The experimental set-up developed for monitoring the particle impacts is a tool that makes possible the development of a better understanding of the extremely rapid physical transformations occurring during impact of particles under plasma spray conditions.
OPTIMIZATION OF NANOSTRUCTURED PLASMA-SPRAYED COATINGS
Plasma spraying of nanostructured materials is a challenge. The maximum temperature of a plasma jet may reach values up to 20 000°C [41] . Owing to the high temperatures associated with the plasma spray, this process is employed worldwide to spray ceramic materials, which generally exhibit high melting points. Complete particle melting via plasma spray is the traditional approach to produce conventional ceramic coatings. For nanostructured materials, it is paramount to retain some of the pre-existing nanostructure of the feedstock in order to produce coatings with nanostructure-related properties. If the nanostructured feedstock particles are fully melted during spraying, all the original nanostructured features will be destroyed and the coating will tend to behave as one produced using a conventional feedstock [42, 43] . However, due to the lack of plasticity of ceramic materials, it is necessary to have some degree of particle melting in order to promote the necessary physical conditions for particle/coating cohesion and adhesion. Consequently, by controlling the percentage of fully molten and semi-molten nanostructured particles incorporated into the coating microstructure, it is possible to engineer nanostructured thermal spray coatings with distinct properties [42, 43] .
Owing to the characteristics described above, an in-flight particle diagnostic system is a key tool for identifying and controlling suitable spray conditions by monitoring particle temperature, velocity, and diameter in the plasma jet. Such an approach was used for producing nanostructured titania coatings by plasma spraying. A nanostructured titania feedstock (Altair Nanomaterials, Reno, NV) was air plasma sprayed and, based on particle temperature distributions in the plasma jet analyzed using the DPV-2000, two main sets of spray parameters (high-and low-temperature) were selected for producing coatings. The effect of these parameter sets on both the in-flight particle characteristics and on the deposited coating will be discussed below. Figure 15 shows the polished cross-section of a typical agglomerated nanostructured titania feedstock particle. Individual nanoparticles cannot be successfully deposited by thermal spray because of their low mass. They do not have the inertia necessary to cross the streamlines in the spray jet and tend to be segregated to its periphery failing to deposit on the substrate. To overcome this problem, microscopic feedstock particles are typically produced by an agglomeration (spray-drying) of individual nanosized particles, as observed in Fig. 15 .
Plasma spraying the nanostructured feedstock employing high-and low-temperature conditions leads to the formation of different percentages of molten and semi-molten particles. Since a certain fraction these particles are deposited on the substrate to produce a coating, these differences in the degree of melting would be reflected in the coating microstructure. In this work, the melting point of titania (1855°C [44] ) was taken as a reference for evaluating the degree of particle melting. It was assumed that particles that exhibited superficial temperatures close to 1855°C would be semi-molten, whereas particles exhibiting superficial temperatures well above the melting point of titania would be fully molten.
In order to quantify of the degree of melting of the in-flight particles, a total of 3000 particles were analyzed with the DPV-2000 for each set of spray parameters. The in-flight particle data were acquired at a spray distance of 10 cm (the distance at which the substrate would normally be positioned when depositing a coating). The average particle velocity and standard deviation for the lowand high-temperature conditions were 245 ± 43 m/s and 327 ± 143 m/s, respectively. The average and standard deviation values of particle temperature for the low-and high-temperature conditions were 2065 ± 270°C and 2551 ± 308°C, respectively. As previously stated, controlling the particle temperature is a very important issue when thermal spraying nanostructured materials. For this reason, the overall distribution of particle temperature for the low-and high-temperature conditions were analyzed, as shown in Figs. 16 and 17 , respectively. It is observed that for the high-temperature condition (Fig. 17) the majority of the particles (in number) have surface temperatures above that of the melting point of the titania. As already mentioned, it is thought that the particles that exhibit temperatures around the melting point of titania are partially molten particles, whereas the particles exhibiting temperatures well above the melting point represent the fully molten particles. In order to have more representative data of the process using particle volume rather than particle number, the total volume of the sprayed particles was calculated and the percentage of particles (in volume) exhibiting superficial temperatures above the melting point of titania was determined. For the low- (Fig. 16) and high-(Fig. 17 ) temperature conditions used with the nanostructured feedstock, the percentages in volume of the particles that exhibited temperatures above the melting point of titania were 46 and 87 %, respectively. Consequently, it was assumed that for the hightemperature condition the majority of the sprayed particles would be fully molten, while for the lowtemperature condition the percentage of semi-molten particles embedded in the coating microstructure would tend to be higher. The mechanical behavior of coatings produced using these two sets of spray conditions was compared using indentation technique. A total of 5-10 Vickers indentation tests were performed under a 5 kgf load for 15 s on the polished cross-section of each coating. The indentations were positioned near the centerline of the coating thickness and the orientation of the indenter was selected so that one diagonal of the Vickers indentation impression was parallel to the substrate surface. Figures 18 and 19 show the typical indentation impression and crack propagation characteristics for the two titania coatings (the horizontal crack is parallel to the substrate surface).
The average and standard deviation values for the cracks parallel to the substrate surface for the titania coatings (low-and high-temperature conditions) were 219 ± 18 µm and 678 ± 31 µm, respectively. Therefore, the nanostructured titania coating sprayed using low-temperature conditions, which had the lowest percentage in volume (46 %) of particles having their temperatures above the melting point of titania, exhibited the highest resistance to delamination under indentation.
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Diagnostics for advanced materials processing by plasma spraying 459 Fig. 18 Vickers indentation impression for the nanostructured titania coating sprayed using low-temperature conditions.
Fig. 19
Vickers indentation impression for the nanostructured titania coating sprayed using high-temperature conditions.
It is interesting to observe that the regular layered microstructure of ceramic thermal spray coatings is not clearly observed for the titania coating sprayed using the low-temperature-condition set (Fig. 18) , whereas for the high-temperature condition (Fig. 19) , the typical layered thermal spray microstructure originating from the impact and spreading of fully molten particles is more readily observed.
The deposition efficiency (DE) values are also in line with the results of the DPV-2000 (Figs. 16  and 17 ) and the microstructural characteristics (Figs. 18 and 19 ) of the coatings. For the low-temperature-condition set the DE was ~40 %, whereas for the high-temperature-condition set the DE was 67 %. The higher amount of fully molten particles in the high-temperature condition increased the DE values; however, this coating exhibited a lower resistance to delamination under indentation (Fig. 19) . Figure 20 shows the fracture surface of the nanostructured titania coating sprayed using the lowtemperature condition. It is possible to observe that part of the original nanostructure of the feedstock (Fig. 15) is preserved in the coating microstructure. This illustrates how important a role monitoring of the in-flight characteristics of sprayed particles can play in identifying the conditions required to preserve the nanostructure of the feedstock in order to produce coatings with superior properties. 
CONCLUSION
In this paper, a few examples of advanced diagnostic techniques for monitoring and controlling plasma spray processes have been presented. Such tools have been used and will continue to be used for developing a better understanding of all steps involved in the deposition of materials. Particle diagnostics are particularly important since coating properties depend closely on the temperature and velocity of the particles during spraying. By better controlling these characteristics as well as substrate temperature, one can tailor specific coating properties to meet the requirements of the applications in which they will be used.
These diagnostic tools are not only useful for the scientists, but they will become more and more important for engineers on the production floor. Indeed, coatings are used in increasingly demanding applications requiring not only optimum coating performance, but also a high degree of consistency. For example, prime-reliant thermal barrier coatings are required in land-based turbines. A failure in the coating system would lead to rapid turbine degradation. So, in this context, coatings have to be deposited in a reproducible manner day after day. Establishing a control strategy based only on the monitoring and control of input spray parameters is not sufficient to reach this level of consistency. Rugged and easy-to-use sensors monitoring the state of the particle jet will provide the necessary source of data for better controlling the plasma spray process enabling an increase in the current level of reproducibility of the process.
